Heterotrimeric G-protein activation by an agonist-stimulated G-protein coupled receptor (R * ) requires the propagation of structural signals from the receptor interacting surfaces to the guanine nucleotide-binding pocket. Employing high-resolution NMR methods, we are probing heterotrimer-associated and rhodopsin-stimulated changes in an isotope-labeled G-protein a-subunit (G a ). A key aspect of the work involves the trapping and interrogation of discrete R * -bound conformations of G a . Our results demonstrate that functionally important changes in G a structure and dynamics can be detected and characterized by NMR, enabling the generation of robust models for the global and local structural changes accompanying signal transfer from R * to the G-protein.
Introduction
Activation of a heterotrimeric G-protein by a G-protein coupled receptor (GPCR) 1 requires the propagation of structural signals from the receptor-binding interface to the guanine nucleotide-binding pocket. The structural basis for the interaction of an activated GPCR (R * ) with a cognate G-protein, and the subsequent activation of the G-protein by R * , are not fully understood. We are using signal transduction via light-activated rhodopsin and the retinal G-protein transducin (G t ) as a model system to probe the molecular details of R * /G-protein interactions. Crystallographic studies have been instrumental for obtaining static 'snapshot' structures of the inactive, dark-state of rhodopsin and various guanine nucleotidebound states of the G-protein heterotrimer (G abc ) and constituent subunits. For rhodopsin, such studies have provided valuable insights into the overall structural organization of this visual photoreceptor and the nature of retinal-protein interactions in the chromophore-binding pocket (Li, Edwards, Burghammer, Villa, & Schertler, 2004; Okada et al., 2002; Okada et al., 2004; Palczewski et al., 2000; Teller, Okada, Behnke, Palczewski, & Stenkamp, 2001) . Similarly, crystal structures of G t a-subunits (G ta ), as well as G ta /G i1a chimeras, have highlighted the domain organization of this subunit and GDP/GTP-dependent structural rearrangements that occur in and around the guanine nucleotide-binding pocket, particularly in the flexible switch regions (Coleman et al., 1994; Kreutz et al., 2006; Mixon et al., 1995; Noel, Hamm, & Sigler, 1993; Sondek, Lambright, Noel, Hamm, & Sigler, 1994; Sunahara, Tesmer, Gilman, & Sprang, 1997) . Crystal structures of the heterotrimer have also revealed information about the relative orientation of the constituent subunits in the holoenzyme and the potential contributions of the G-protein bc-subunit (G bc ) to G a stabilization (Lambright et al., 1996; Wall et al., 1995) . Despite the availability of high-resolution structures for these individual signaling partners, and various proposals regarding their interaction Hamm, 2001; Hermann et al., 2004) , a structural representation of the light-activated rhodopsin/ G t complex remains poorly defined (Ridge, Abdulaev, Sousa, & Palczewski, 2003) .
High-resolution structural analysis of R * /G-protein interactions and complexes poses many unique challenges given the inherently dynamic nature of the process. In our work, we are probing the structural basis for the propagation of signals from R * to the G-protein (Fig. 1A ) using high-resolution NMR methods, with the specific goal of developing more robust models for the global and local structural changes in G a that accompany signal transfer from R * . Three fundamental structural questions associated with the mechanism of R * -mediated signal transfer are being addressed: (1) What structural changes in the receptor-binding interface of G a occur upon interaction of the G-protein heterotrimer with R * ?; (2) What are the structural changes in the guanine nucleotide-binding site that occur upon interaction of the G-protein heterotrimer with R * ?; (3) How are structural changes that result from the interaction of the binding interface of G a with R * correlated to changes in the conformation of the guanine nucleotidebinding site?
The R * /G t interaction can be viewed as taking place in at least five discrete steps (Fig. 1B) . These include the binding of R * to G tabc GDP (step 1) to form the R * G tabc [GDP] complex (step 2), GDP dissociation from the R * G tabc [GDP] complex to form the R * G tabc [empty] complex (step 3), GTP uptake by the R * G tabc [empty] complex to form the R * G tabc [GTP] complex (step 4), and, dissociation of G tabc [GTP] from R * followed by G ta [GTP] from G tbc (step 5), with R * free for interaction with another G tabc [GDP] . Clearly, a comprehensive description of the structures involved in each of these steps along the reaction pathway will provide important insights into the mechanisms governing-activated GPCR/ G-protein interactions. In this paper, we highlight recent progress on the expression, purification, and NMR analysis of isotope-labeled G a in isolation, in complex with G bc , and in trapped R * -bound intermediate states during the cycle of guanine nucleotide exchange.
Materials and methods

2
Phenylmethylsulfonyl fluoride (PMSF), isopropyl-b-D-thiogalactopyranoside, GDP, and D 2 O were from Sigma (St. Louis, MO), and Complete TM EDTA free protease inhibitor tablets and guanosine 5 0 -O-3-thiotriphosphate (GTPcS) were from Roche Applied Science (Indianapolis, IN).
15
NH 4 Cl and d 11 -Tris were from Spectra Stable Isotopes (Columbia, MD), and Cymal-5 was from Anatrace (Maumee, OH). The QuikChange II site directed mutagenesis kit was from Stratagene (La Jolla, CA), and Blue-Sepharose CL-6B was from Amersham Biosciences (Piscataway, NJ). Bovine retinae were from W. Lawson Co. (Lincoln, NE). The pG58 expression vector, a fusion vector encoding a modified 77 amino acid prodomain region of subtilisin BPN 0 (pro-R8FKAM), the pG58 derived expression vector encoding a G ta /G i1a chimera (Chi6, Skiba, Bae, & Hamm, 1996) as a proR8FKAM fusion, and preparation of the S189 subtilisin BPN 0 HiTrap NHS column, have been described (Abdulaev et al., 2005a; Ruan, Fisher, Alexander, Doroshko, & Bryan, 2004) . Fig. 1 . Transducin activation by photolyzed rhodopsin. (A) Crystal structures of rhodopsin and G abc highlighting regions implicated in R * /Gprotein interactions. The ground state structure of rhodopsin was generated using PDB file 1U19. The structures of G a (yellow) and G bc (green/blue) were generated using PDB file 1GOT. Regions on the cytoplasmic surface of rhodopsin are highlighted in red as follows: residues 65-70 representing the AB loop, residues 140-149 representing the CD loop, residues 226-243 representing the EF loop, and residues 311-323 representing H8. The extreme carboxyl-terminus on G a has been modeled as an a-helix terminated by a C-cap motif (purple) based on NMR analysis of a G ta (340-350) synthetic peptide (PDB file 1AQG) in the presence of R * (Kisselev et al., 1998) . (B) Reaction pathway for transducin activation. Light-activated rhodopsin (R * ) binds to transducin (G tabc [GDP] ) and induces GDP release to form the nucleotide-free R * AEG tabc [empty] complex. The uptake of GTP by G tabc [empty] 
Construction of G a mutants
The W127F, W207F, W254F, F350A, and F350W mutants were generated using the QuikChange II mutagenesis kit according to the manufacturer's instructions with the pG58 expression vector encoding the prodomain/ Chi6 fusion serving as the template (Abdulaev et al., 2005a (Abdulaev et al., , 2005b .
Expression and purification of subtilisin prodomain/Chi6 fusions
Detailed protocols for the inducible expression and purification of isotope-labeled G a have been described (Abdulaev et al., 2005a) . Briefly, Escherichia coli BL21 cells harboring the pG58 expression vector encoding the proR8FKAM fusion upstream of a chimeric G a gene, Chi6 , were grown in minimal media supplemented with 1 g/L of 15 NH 4 Cl as the sole nitrogen source and 100 lg/ml ampicillin at 26°C to A 550 $ 0.3, and then induced with 30 lM isopropyl-b-D-thiogalactopyranoside for 12 h at 26°C. The cell pellet was resuspended in 50 mM Tris-HCl, pH 8.0, containing 50 mM NaCl, 5 mM MgCl 2 , 5 mM b-mercaptoethanol, 150 lM GDP, 0.1 mM PMSF, and a Complete TM EDTA free protease inhibitor tablet and then disrupted by sonication. The supernatant obtained by centrifugation of the cell lysate at 100,000g for 45 min was collected and loaded onto a S189 subtilisin BPN 0 HiTrap NHS column (Ruan et al., 2004) . The prodomain released G a (ChiT) was eluted after 12 h in 10 mM Tris-HCl, pH 7.5, containing 100 mM NaCl, 5 mM MgCl 2 , 2.5 mM DTT, 50 lM GDP, and 0.1 mM PMSF (Buffer A). For NMR analysis, the purified, isotope-labeled protein was concentrated and dialyzed against 25 mM d 11 Tris-HCl, pH 7.5, containing 100 mM NaCl, 5 mM magnesium acetate, 2.5 mM DTT, 50 lM GDP, and 5% glycerol (Buffer B), or eluted directly from the column in Buffer B. Mutant ChiT proteins were purified in a similar manner.
2.3. Reconstitution of ChiT with G tbc to form the G abc heterotrimer G t was prepared from bovine retina as described (Fung, Hurley, & Stryer, 1981) . To separate the G ta and G tbc subunits, purified G t in Buffer A containing 50% glycerol was diluted three times with the same buffer without glycerol and applied to a Blue-Sepharose CL-6B column equilibrated with 10 mM MOPS, pH 7.5, containing 5 mM magnesium acetate, and 2.5 mM DTT. G tbc does not bind to the resin and is obtained from the column flow through. The column was washed with equilibration buffer and G ta eluted in the same buffer containing 2 M NaCl. The purified G ta and G tbc subunits were concentrated and stored at À20°C in Buffer A containing 50 % glycerol (plus 50 lM GDP in the case of G ta ). The G-protein heterotrimer was reconstituted from ChiT and G tbc as described (Abdulaev et al., 2005b) . Briefly, equimolar amounts of purified ChiT were incubated with G tbc at room temperature for 15 min in 100 mM Hepes, pH 8.0, containing 1 mM EDTA, 10 mM MgSO 4 , 50 lM GDP, 10 mM DTT, 10% glycerol, and 50 lM GDP. Heterotrimer formation was verified by analyzing an aliquot of the mixture by gel-filtration chromatography, and then isolated in large quantities by preparative gel-filtration chromatography. Prior to NMR experiments, the 15 N-ChiT reconstituted heterotrimer was concentrated and dialyzed against Buffer B. 
Fluorescence assay for measuring AlF
-dependent changes in ChiT
Intrinsic tryptophan fluorescence of the GDP/Mg 2+ bound form of ChiT and G ta were determined in signal/reference mode essentially as described (Phillips & Cerione, 1988 ) using a FluoroMax-2 spectrofluorometer (Instruments SA, Edison, NJ) with a 0.3 cm square cuvette at 20°C. Emission spectra were recorded over the wavelength range of 310 to 450 nm with an excitation wavelength of 290 nm. The spectral excitation and emission band pass was 5 nm for all spectra, with a signal integration time of 1 s. The 150 ll assay mixture contained 150 nM of either ChiT or G ta in 50 mM Tris-HCl, pH 8.0, containing 50 mM NaCl, 2 mM MgCl 2 , and 1 mM DTT. Aluminum fluoride (AlF À 4 )-induced fluorescence changes, which reflect a change in the environment of Trp-207 in switch II (Faurobert, Otto-Bruc, Chardin, & Chabre, 1993) , were measured by adding 5-10 ll of AlCl 3 (300 lM) and NaF (10 mM) as a premixed solution.
Detergent solubilization and purification of rhodopsin
Rod outer segments (ROS) were prepared from bovine retina using a standard protocol (Wilden & Kü hn, 1982) . Rhodopsin was solubilized from ROS in phosphate-buffered saline (PBS), pH 7.0, with 1% Cymal-5 and purified on immobilized rho 1D4 using methods previously described (Oprian, Molday, Kaufman, & Khorana, 1987; Ridge, Lu, Liu, & Khorana, 1995) in PBS, pH 7.0, with 0.1 % Cymal-5. Rhodopsin concentrations were determined by UV/visible absorption spectroscopy using a k6 spectrophotometer.
2.6. Expression and purification of HPTRX/CDEF, a soluble mimic of R * Detailed protocols for the inducible expression and purification of HPTRX/CDEF, a soluble mimic of R * , have been described (Abdulaev, Ngo, Chen, Lu, & Ridge, 2000) . Prior to NMR experiments, purified HPTRX/CDEF was concentrated and dialyzed against Buffer B. N-ChiT reconstituted heterotrimer in Buffer B. The nitrogen frequency was centered at 118 ppm and the proton frequency on H 2 O ($7.5 ppm). 1D spectra were collected using a sweep width of 7200 Hz and 2 K complex points, 2D data were collected using sweep widths of 7200 Hz in x 2 and 2000 Hz in x 1 , 2 K by 128 complex data points in t 2 and t 1 , respectively, (t 1max = 293 ms and t 2max = 64 ms) and 128 scans per increment. Samples containing rhodopsin and 15 N-ChiT reconstituted heterotrimer that were dialyzed against Buffer B containing 0.08% Cymal-5 were placed in the NMR spectrometer under dim red light conditions in the presence of GTPcS. To initiate guanine nucleotide exchange, rhodopsin was illuminated with >495 nm light for 1 min prior to spectral acquisition. For HPTRX/CDEF, the protein was added directly to a mixture of 15 N-ChiT reconstituted heterotrimer and GTPcS to stimulate the guanine nucleotide exchange reaction. All spectra were processed and analyzed on a PC/ LINUX workstation using NMRPipe (Delaglio et al., 1995) . N resonances were assigned using ChiT mutants as described (Abdulaev et al., 2005a (Abdulaev et al., , 2005b . G ta contains two Trp residues at positions 127 and 207, while ChiT contains an additional Trp residue at position 254 that is derived from the G i1a sequence. By comparison of wild-type and mutant HSQC spectra, assignment could be made via the observation of a shift in a single resolved 1 HN, 15 N cross peak belonging to residue 350.
NMR spectroscopy of
Trp indole and Phe-350 resonance assignments
Other methods
Protein samples were analyzed by SDS-PAGE (Laemmli, 1970 ) with a 5% stacking gel and a 10% or 12% resolving gel and visualized by Coomassie blue staining. Protein determinations were performed as described (Peterson, 1977 ) with BSA as a standard.
Results and discussion
Expression and purification of isotope-labeled G a
General considerations
Our work focuses on studying the structural details underlying the mechanisms governing signal transfer from R * to the G-protein through the application of solution NMR methods that track structural changes in G a . To extract high-resolution structural information about G a in various states, we are employing different isotope labeling schemes and NMR methods that are tailored to the properties of each state. In general, conformational changes that isotope-labeled G a undergoes upon heterotrimer formation, and the binding of R * to the isotope-labeled G a reconstituted heterotrimer, are being monitored using various NMR parameters that are exquisitely sensitive to changes in protein structure and dynamics. Toward this end, it was important to develop new protocols for the expression and purification of stable, uniformly isotope-labeled G a samples in the quantities required for analysis using high-resolution NMR methods.
A coupled expression/purification system for largescale production of isotope-labeled G a
Previous efforts by numerous investigators to functionally overproduce G ta in the amounts necessary for structural studies have not been successful due to insolubility of the expressed protein. As such, the requirement of milligram amounts of isotope-labeled G a for our NMR studies prompted us to investigate whether previously designed chimeric G a subunits that exhibit basal guanine nucleotide exchange properties comparable to G ta could be overexpressed in minimal media formulations compatible with isotope-labeling schemes. The use of a His 6 -tagged G ta /G i1a chimera, termed Chi6, was pursued owing to its G ta -like properties and suitability for crystallographic studies (Lambright et al., 1996; Skiba et al., 1996; Slep et al., 2001) . Although micromolar amounts of isotope-labeled protein could be isolated by immobilized metal affinity chromatography from large-scale cultures grown in 15 N-NH 4 Cl supplemented minimal medium for acquisition of 1D
15 N-filtered and 2D 15 N-HSQC spectra, Chi6 yielded poor quality spectra and exhibited low-stability upon protein concentration (see below). Thus, a coupled expression and purification approach (Ruan et al., 2004) , that involves the fusion of the Chi6 gene lacking the His 6 tag (and linker region) to a modified 77 amino acid subtilisin prodomain (proR8FKAM) ( Fig. 2A) with subsequent purification using an immobilized mutant form (S189) of subtilisin BPN' (Fig. 2B) , was investigated. Importantly, the pro-R8FKAM fusion is specifically bound and ultimately cleaved at the carboxyl-terminal methionine residue by S189 subtilisin BPN' yielding a full-length G a . Comparisons of the prodomain-released Chi6, which we call ChiT, with native G ta showed that the two proteins co-migrated on SDS-PAGE ( Fig. 3A) and had similar molecular masses by mass spectrometry (data not shown). ChiT preparations also undergo the characteristic change in Trp-207 fluorescence upon AlF À 4 adduct formation as G ta (Fig. 3B) , confirming the presence of bound GDP in the guanine nucleotide-binding pocket. Moreover, 6-8 mg of pure, uniformly 15 N-labeled ChiT could be isolated in a single step from a 1-L culture providing sufficient amounts 0 prodomain (proR8FKAM) fusion construct used for bacterial overexpression of isotope-labeled chimeric G a (Chi6) in minimal media formulations. (B) Purification of proR8FKAM-released G a using immobilized S189 subtilisin BPN 0 . In (A and B) , the region corresponding to the proR8FKAM sequence is shown in red while the region corresponding to the Chi6 sequence is shown in blue. S189 subtilisin BPN' is shown in green. Note that this coupled expression/purification system results in the generation of a fulllength G a (ChiT) devoid of any amino acid residues from the proR8FKAM region.
of isotope-labeled G a for NMR studies. In contrast to His 6 -tagged Chi6, ChiT also showed comparable levels of R * -catalyzed GDP/GTP exchange after reconstitution with G bc as the native heterotrimer and remained stable when concentrated to a range of 250-300lM for NMR analysis.
NMR analysis of
15 N-labeled ChiT Fig. 4A shows a backbone representation of the crystal structure of the GDP/Mg 2+ -bound form of G a (Chi6) with the amide proton atoms for resolved portions of the protein subunit added in white. Isotope labeling of the protein therefore allows extremely sensitive spectroscopic probes to be universally incorporated into the protein in a non-perturbing manner such that changes in the structure and dynamics of the protein can be readily monitored. With uniform 15 N-labeling of G a , the local conformation and/ or interactions of individual amino acids in the protein can in principle be monitored using the NMR signals associated with the backbone amide and side chain indole/ amine proton ( Fig. 4B, a comparison of 1D 15 N-filtered spectrum for 15 N-ChiT and 15 N-Chi6 illustrates the significant differences in the spectral quality of these two nearly identical G a preparations (Chi6 has an amino-terminal His 6 tag and linker region). From a qualitative assessment of these 1D spectra, it was concluded that the relatively well-dispersed and uniform line-widths of the ChiT preparation indicated a well-folded, soluble protein, while the collapsed spectrum of the Chi6 preparation indicated a misfolded and/or aggregated state. Further analysis of ChiT preparations using 2D 15 N-HSQC spectra acquired at a field strength of 600 MHz with a Cryoprobe system revealed a reasonably well dispersed spectrum for 15 N-ChiT that contains roughly 340 backbone and side-chain cross peaks with relatively uniform line widths that would be characteristic for a $40 kDa a/b protein (shown as overlayed spectra in Figs. 5 and 6). In addition, the region of the spectrum which shows the highest density of cross peaks between 1 H $ 7.3 to $8.5 ppm and 15 N $ 119 to $128 ppm at a field strength of 600 MHz could be improved in terms of both spectral resolution and signal to noise through data acquisition at an ultra-high magnetic field strength of 800 MHz and a Cryoprobe system, as shown in Fig. 4C for the GDP Á AlF Although the 15 N-HSQC spectra obtained thus far are of relatively good quality (Fig. 4C) , there is still significant overlap of resonances, even at 800 MHz field strength. Therefore, in addition to applying multidimensional NMR techniques to uniformly 15 N-labeled ChiT samples, we are also using mutants of ChiT (Fig. 4C ) and selective amino acid labeling strategies ( 15 N-labeled, 13 C, 15 N-labeled or side-chain labeled [e.g., fluorine labeled aromatic amino acids]) to initially focus our assignment strategy and structure probing. For example, indole NH resonance assignments have been made through individual mutation of Trp-127, Trp-207, and Trp-254 in ChiT and comparison of wild-type and mutant 15 N-HSQC spectra to gain assignment via the absence of the cross peak belonging to the mutated residue. These and other assigned resonances, particularly for Phe-350, have also provided useful initial probes of analysis of G bc -and R * -dependent structural changes in ChiT (see below). In principle, mutational approaches can also be applied to aid in the assignment of other amino acids throughout ChiT, although care must be taken since certain substitutions may also perturb surrounding residues or structure. Alternatively, amino acid type labeling can be used to aid or confirm assignment. Here, ChiT samples are obtained by growing specific auxotrophic strains of E. coli in minimal medium formulations supplemented with unlabeled amino acids except for the amino acid(s) of interest, which is added in its isotope-labeled form. Based on the Chi6 sequence, a number of ChiT samples can also be prepared using two isotope labeled amino acids to allow unique assignment of sequential amino acid pairs.
To address specific questions surrounding the conformations of the functionally important amino-and carboxylterminal regions of G a , and to further simplify NMR spectral analysis, expressed protein ligation (EPL) techniques (Muir, Sondhi, & Cole, 1998; Muir, 2003) are also being pursued to introduce selectively isotope-labeled segments corresponding to the amino-and carboxyl-terminal sequences of G a . For this purpose, amino-and carboxylterminal truncated versions of ChiT are being designed and expressed as a fusion with an intein to either the amino-or carboxyl-terminus of the protein. This allows an isotope-labeled amino-or carboxyl-terminal G ta peptide or protein fragment containing the appropriate terminal cysteine residue to be combined with a truncated ChiT protein that contains a specific reactive terminal thioester group. The EPL approach has already proved useful for monitoring AlF À 4 -dependent changes in the carboxyl-terminal region of G i1a by NMR (Anderson, Marshall, Crocker, Smith, & Baranski, 2005) and it is anticipated that they will also allow a more detailed analysis of the structural transition(s) accompanying G bc and R * interactions.
NMR analysis of the 15 N-ChiT reconstituted heterotrimer
Having shown that uniformly 15 N-labeled, functional ChiT can be prepared and studied by high-resolution NMR methods, we set out to characterize G a upon reconstitution with G tbc , as well as to determine whether the heterotrimer complex, an $85 kDa assembly, is also amenable for NMR study. For this purpose, 15 N-labeled ChiT in complex with GDP/Mg 2+ was titrated with purified unla- 2þ -bound state of ChiT mutant W254F acquired at pH 7.5 and 30°C using a Bruker 800 MHz NMR spectrometer equipped with a TXI triple-resonance Cryoprobe system. beled G tbc to form a subunit selective isotope-labeled heterotrimer. 1D spectra were collected to track the titration, and showed that heterotrimer reconstitution of 15 N-labeled ChiT resulted in both shifting and broadening of amide resonances, which can be attributed to formation of the larger molecular weight complex (data not shown). Importantly, the 15 N-HSQC of the 15 N-labeled ChiT reconstituted heterotrimer shows that the amide spectrum of ChiT in the The NMR spectra were acquired at pH 7.5 and 30°C using a Bruker 600-MHz NMR Cryoprobe system. Image adapted from Abdulaev et al., 2005b. (B) Cartoon representation of the proposed changes in G a conformation accompanying heterotrimer formation. The GTPase and helical domains of G a are shown in aquamarine and green, respectively, G b is shown in yellow, and G c in blue. The region representing the guanine nucleotide-binding pocket in G a is shown in blue in the ground state, and red in the activated state. GDP and GTP are shown in salmon and purple, respectively. Upon association of G a (GDP) with G bc , G a undergoes structural changes in the R * interacting amino-and carboxyl-terminal regions, as well as the switch regions surrounding the guanine nucleotide-binding pocket. The results of our NMR studies suggest that G bc binding, while shifting the G a structure to an 'preactivated' form, displays at least two conformational states for the carboxyl-terminus that are in slow exchange. These changes in the G a structure may both potentiate R * interactions and pre-organize the guanine nucleotide pocket for GDP/GTP exchange. (Noel et al., 1993) . The backbone trace is in yellow, with proposed structural switch regions shown in red. Trp residues 127, 207, and 254 are in light blue and shown in CPK. Phe-350 is in purple and is also shown in CPK. The extreme carboxyl-terminus has been modeled as an a-helix terminated by a C-cap motif (green) based on NMR experiments (Kisselev et al., 1998 ) with a G ta (340-350) synthetic peptide in the presence of R * (PDB file 1AQG). Our NMR results suggest correlated changes in the guanine nucleotide-binding pocket and the carboxyl-terminal region during the course of R * -catalyzed GDP/ GTP(GTPcS) exchange.
heterotrimer remains well dispersed and of relatively good quality considering the size of the heterotrimer (Fig. 5A) . The 15 N-ChiT reconstituted heterotrimer is also stable under NMR experimental conditions over multiple days which are required for acquisition of multidimensional NMR spectra. In addition, a number of changes in the spectra of ChiT are observed as a result of heterotrimer reconstitution when compared to the GDP/Mg 2+ -bound form of 15 N-ChiT (Fig. 5A ). Quite surprisingly, however, a majority of the chemical shift changes observed upon heterotrimer formation are similar to those observed to occur upon AlF À 4 adduct formation in the GDP/Mg 2+ -bound form of ChiT (Abdulaev et al., 2005b) . For example, the cross peaks assigned to two of the three tryptophan indoles in ChiT , as well as the carboxyl-terminal Phe-350, shift to similar positions in these different states. However, the shift of the backbone amide cross peak for the terminal Phe-350 residue of G a is incomplete and suggests that this residue is in a slow dynamic equilibrium between 'ground' and 'activated' conformations in the heterotrimer (Abdulaev et al., 2005b) . Thus, it appears that assembly of the heterotrimer primes or 'preactivates' G a for R * binding and guanine nucleotide exchange through structural changes in both the switch II and carboxyl-terminal regions (Fig. 5B). 3.1.5. NMR analysis of R * -stimulated guanine nucleotide exchange in the 15 N-ChiT reconstituted heterotrimer Progress in the high-resolution NMR analysis of the ground and AlF À 4 'activated' states of 15 N-ChiT, as well as heterotrimer reconstituted from 15 N-ChiT and G tbc , has made it possible to address important questions related to some of the reaction steps involved in rhodopsin-stimulated guanine nucleotide exchange. Toward this end, it was important to identify a detergent that could not only effectively solubilize rhodopsin, a $40 kDa integral membrane receptor, but also support the formation of the signaling state, R * , at concentrations below the critical micelle concentration (CMC) where the R * -G-protein complex would be expected to behave essentially as constituent components with only a minor contribution to the overall molecular weight from the detergent. Cymal-5, a non-ionic detergent, not only satisfied these conditions at a concentration below the CMC (0.08%, w/v), but also prolonged the lifetime of R * and yielded higher levels of guanine nucleotide exchange relative to other detergents such as n-dodecyl-b-D-maltopyranoside (DM) that have a significantly lower CMC (Ridge et al., 2006) . It should be noted that at this concentration of Cymal-5 the oligomeric status of rhodopsin has not yet been examined as has been done for rhodopsin in DM detergent (Jastrzebska et al., 2004) . As such, the stoichiometry of rhodopsin relative to the G-protein heterotrimer in the R * /G-protein complexes examined under our experimental conditions is currently unknown. Moreover, due to the selective nature of the NMR approaches presented here, which are based on isotope labeling of only ChiT, the oligomeric state of rhodopsin can not be unambiguously determined. Nonetheless, the minimum size for an R * /G-protein complex assuming a 1:1 stoichiometry is $125 kDa (plus detergent molecules) and already represents a significant challenge for high-resolution NMR analysis. Clearly, a second rhodopsin in the complex [i.e., a rhodopsin dimer bound to a single G-protein heterotrimer ] would undoubtedly contribute to additional line broadening. A higher order oligomeric state for rhodopsin would also likely complicate the interpretation of any NMR data and require further selective isotope labeling of the receptor to allow a definitive analysis.
To simulate the reaction scheme of the R * /G-protein interaction which leads to the formation of G a (GTP) (Fig. 1B, step 5) , 15 N-ChiT reconstituted heterotrimer was initially dialyzed into a buffer containing 0.08% Cymal-5. Comparison of 1D and 2D spectra obtained in the absence and presence of Cymal-5 showed no appreciable differences in the structure of heterotrimer reconstituted ChiT. In contrast, addition of catalytic amounts of purified rhodopsin in 0.08% Cymal-5 to the heterotrimer sample in the presence of GTPcS resulted in approximately a 50% reduction in the observed 15 N-ChiT amide and side chain proton signal intensity (Ridge et al., 2006) . This reduction in signals was more pronounced than could be explained by simple dilution of the sample, and suggests that the heterotrimer may interact with the solubilized, dark-state rhodopsin. Whether this 'dark' binding event, which does not stimulate guanine nucleotide exchange, mirrors the interaction that has been observed by others using different spectroscopic methods (Alves et al., 2005; Salamon, Wang, Soulages, Brown, & Tollin, 1996) , or represents an anomaly due to the relatively high protein concentrations in our NMR experimental conditions, deserves further study. After exposure to light (>495 nm) for 1 min, there was a progressive increase in peak intensities which continued until reaching a final state, suggesting formation of R * and Gt bc dissociated GTPcS/Mg 2+ -bound ChiT (Ridge et al., 2006) . Importantly, concomitant changes in the uptake and release of guanine nucleotides could also be monitored during these structural transitions. GTPcS uptake by ChiT in the R * catalyzed reaction was directly observed as a time dependent broadening of signals (H8/ H1 0 ) arising from added GTPcS, as would be expected upon association of free guanine nucleotide with a large protein or subunit assembly. Additional sharp signals are also observed which may correspond to free GDP which would be released from ChiT in the same reaction. These signals, however, do not correspond to the chemical shifts measured for GDP in buffer alone and will require further experimentation to establish a definitive assignment. An 15 N-HSQC spectrum (Fig. 6A) (Fig. 6A) . In addition, the non-uniformity of the line-widths observed in the spectrum of the R * -generated GTPcS/Mg 2+ -bound state of ChiT shows that certain parts of the structure are more dynamic than others and conformational exchange between different states may cause both local and long range effects on the structure.
3.1.6. NMR analysis of 'trapped' R * -bound conformations of G a
Having shown that the 15 N-ChiT reconstituted heterotrimer undergoes light-activated rhodopsin catalyzed guanine nucleotide exchange under NMR experimental conditions to generate a GTPcS/Mg 2+ -bound state of ChiT, approaches are being developed to trap and interrogate R * /G-protein complexes along the reaction pathway (Fig. 1B, steps 2-4) . We have previously shown that a soluble mimic of R * , HPTRX/CDEF, which contains tandemly linked segments from the CD (amino acids 132-154) and EF (amino acids 231-252) loops of rhodopsin grafted onto a thioredoxin scaffold, exhibits partial functional activity towards G t (Abdulaev et al., 2000) . Specifically, HPTRX/CDEF, a $15 kDa soluble fusion protein, displayed virtually identical kinetics of G t activation when compared to light-activated ROS rhodopsin, albeit at higher concentrations, suggesting that the CD and EF loops in the fusion protein can adopt a conformation which is a close approximation to that present in R * . It was also shown that HPTRX/CDEF bound carboxyl-terminal G ta (340-350) peptides (Brabazon, Abdulaev, Marino, & Ridge, 2003) inducing structural changes in these peptides analogous to those previously observed in studies with native, light-activated rhodopsin in ROS membranes (Kisselev et al., 1998; Koenig et al., 2000; Koenig et al., 2002) . Under an NMR experimental condition similar to that developed for rhodopsin, HPTRX/CDEF, at equimolar concentrations with the 15 N-ChiT reconstituted heterotrimer, also stimulates guanine nucleotide exchange. However, in contrast to light-activated rhodopsin, HPTRX/ CDEF forms a stable complex with the GTPcS/Mg 2+ -exchanged heterotrimer (analogous to R * AE G abc [GTP] , Fig. 1B, step 4) . The HSQC spectrum of 15 N-ChiT in this complex reveals a unique chemical shift pattern relative to the GDP/Mg 2+ -bound heterotrimer (Fig. 7A ) and GTPcS/Mg 2+ -bound ChiT, and suggests that GTP uptake can be uncoupled from heterotrimer release and dissociation (Fig. 7B) .
Most recently, NMR spectra for the R * -bound GDP-released 'empty pocket' heterotrimer (Fig. 1B, step 3) generated in the presence of stoichiometric amounts rhodopsin and HPTRX/CDEF and in the absence of GTPcS show that G a in this R * -bound state displays significant conformational exchange suggestive of a dynamic, metastable intermediate (unpublished results) . In contrast, a GDP-depleted 'empty pocket' G a formed independently of R * appears structurally similar to the GDP/Mg 2+ -bound state (unpublished results), suggesting that changes in the receptor interacting regions that occur upon interaction with R * , and not the absence of bound nucleotide, are the predominant factors which govern G a conformation and dynamics in the R * AE G abc (empty) complex. N crosspeaks and suggest that ChiT is in a distinct state that appears to represent a heterotrimer for which GDP has been exchanged for GTPcS, and HPTRX/CDEF remains bound. NMR spectra were acquired at pH 7.5 and 30°C using a Bruker 600-MHz NMR Cryoprobe system. Image adapted from Ridge et al., 2006. (B) Cartoon representation of the proposed changes in G a accompanying formation and dissociation of the R * AEG a (GTP)G bc complex. The results of our NMR studies suggest further changes in the carboxyl-terminal and switch II regions of G a upon formation and dissociation of the R * AEG a (GTP)G bc complex. In particular, the carboxylterminus appears to adopt a fully 'activated' state conformation, while switch II, as well as other regions of the G a (GTP) structure, appear to become more dynamic. In this schematic, changes in released G a (GTP) are highlighted through different green shading for the GTPase domain that also has an altered conformation for the carboxyl-terminus and lacks an ordered amino-terminus, and the orange color for the guanine nucleotide-binding pocket.
Conclusion
We have demonstrated the ability to express milligram quantities of uniformly 15 N-labeled G-protein a-subunits that can be reconstituted with G tbc to form a functional heterotrimer. We have further shown that the 15 N-labeled G a reconstituted heterotrimer forms functional complexes under NMR experimental conditions with Cymal-5 detergent solubilized, light-activated rhodopsin and a soluble mimic of R * , both of which trigger guanine nucleotide exchange. Overall, our results demonstrate that solution NMR methods can be used to describe at atomic resolution changes in the structure and dynamics of G a that accompany heterotrimer formation and signal transfer from R * to the G-protein. A key aspect of our approach is the ability to generate and interrogate R * -bound conformations of G a , in particular the functionally significant amino-and carboxyl-terminal regions, which previously have not been addressed using high-resolution structural approaches. For example, our work has demonstrated that upon association of G a (GDP) with G bc in solution, G a undergoes structural changes in the R * -interacting carboxyl-terminal region, as well as the switch regions surrounding the guanine nucleotide-binding pocket, and indicate that while G bc -binding changes the G a structure to the 'preactivated' form, it displays at least two conformational states for the carboxyl-terminus. These changes in G a structure may both potentiate R * interactions and pre-organize the guanine nucleotidebinding pocket for subsequent binding of GTP. Surprisingly, it has also been found that a soluble mimic of R * (HPTRX/ CDEF) forms a stable intermediate complex with the GTPcS-exchanged heterotrimer, and that the GDP-released, R * -bound 'empty pocket' state of G a displays significant conformational exchange broadening suggestive of a dynamic intermediate state. While the functional significance of this latter finding is not yet clear, results from additional studies suggest that R * -mediated changes in the receptor interacting regions of G a , and not the absence of bound guanine nucleotide, are the predominant factors which dictate G a conformation and dynamics in this R * -bound state of the heterotrimer. From these initial findings, it is clear that NMR methods can provide new details about the molecular mechanisms underlying the interaction of light-activated rhodopsin with transducin, and it is anticipated that further NMR studies will continue to enhance our understanding of the structural basis for how this visual GPCR acts in transducing light into a chemical signal.
